Temporal lobe epilepsy (TLE) is the most frequent and medically refractory type of epilepsy in humans. In addition to seizures, patients with TLE suffer from behavioral alterations and cognitive deficits. Poststatus epilepticus model of TLE induced by pilocarpine in rodents has enhanced the understanding of the processes leading to epilepsy and thus, of potential targets for antiepileptogenic therapies. Clinical and experimental evidence suggests that inflammatory processes in the brain may critically contribute to epileptogenesis. Statins are inhibitors of cholesterol synthesis, and present pleiotropic effects that include antiinflammatory properties. We aimed the present study to test the hypothesis that atorvastatin prevents behavioral alterations and proinflammatory state in the early period after pilocarpine-induced status epilepticus. Male and female C57BL/6 mice were subjected to status epilepticus induced by pilocarpine and treated with atorvastatin (10 or 100 mg/kg) for 14 days. Atorvastatin slightly improved the performance of mice in the open-field and object recognition tests. In addition, atorvastatin dose-dependently decreased basal and status epilepticus-induced levels of interleukin-1β (IL-1β), interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), and interferon-γ (INF-γ) and increased interleukin-10 (IL-10) levels in the hippocampus and cerebral cortex. The antiinflammatory effects of atorvastatin were qualitatively identical in both sexes. Altogether, these findings extend the range of beneficial actions of atorvastatin and indicate that its antiinflammatory effects may be useful after an epileptogenic insult.
Introduction
Epilepsy is a brain disease in which affected individuals have an enduring predisposition to present unprovoked recurrent seizures [1] . With a worldwide prevalence of 0.5-1% in the general population [2] and affecting at least 50 million people worldwide [3] , epilepsy is a major worldwide public health problem, being one of the most frequent neurological conditions [4] . In addition to seizures, behavioral comorbidities of epilepsy like anxiety, psychosis, depression, and cognitive deficits exist in many patients with epilepsy, worsening their quality of life [5, 6] .
Temporal lobe epilepsy (TLE) is a common type of this disease, and it is often elicited by a brain insult [7] . Such event triggers a myriad of cellular and molecular changes that increase the chance of developing epilepsy [7] . The period between the initial insult and the appearance of spontaneous seizures is called epileptogenesis, and may represent the best window of opportunity to modify the disease progression [8] . One of the possible targets of epilepsy-preventing strategies is the inflammatory response that establishes in the brain after the initial epileptogenic injury [9] . In fact, compelling evidence from experimental and clinical studies has suggested that inflammatory mediators in the brain play an etiological role in epileptogenesis, as well as in the accompanying comorbidities and neuropathology of epilepsy [10] . Accordingly, strategies aiming to reduce the levels of inflammatory cytokines and other mediators may constitute a potential antiepileptogenic therapy [9] .
Atorvastatin is the leading drug of the class of statins, the firstline medications for the treatment of hypercholesterolemia and prevention of associated cardiovascular burden [11] . Evidence of antiinflammatory and neuroprotective effects of atorvastatin has been obtained in many experimental models of neurological diseases, including epilepsy [12] [13] [14] . Moreover, atorvastatin protects from behavioral comorbidities of epilepsy [14, 15] . Therefore, considering the need for developing disease-modifying strategies for epileptogenesis, in the present study, we investigated whether atorvastatin improves short-term inflammatory response and behavioral alterations after pilocarpine-induced status epilepticus (SE). Given the importance of including both sexes in the preclinical research [16] , and the need to test new drugs to treat epilepsy in both sexes [17, 18] , we performed the present study in male and female mice.
Materials and methods

Animals
One hundred ten C57BL/6 mice (25-35 g; 30-60 day-old) of each sex were used. They were kept under appropriated environmental conditions (12 h light-dark cycle, in a room temperature of 22 ± 1°C). Standard rodent chow (Puro Lab 22 PB, Puro Trato) and filtered tap water were provided ad libitum. All experimental procedures were conducted in accordance with national (Guidelines of the Brazil's National Council for the Control of Animal Experimentation, revised in 2016) and international legislations (Guidelines of the National Institutes of Health of United States of America for the care and use of laboratory animals, revised in 2011), and with the approval of the Ethics Committee for Animal Research of our University (Process #6165230415/2015). We made every possible effort to limit animal's suffering and to keep their number to a minimum.
Pilocarpine-induced status epilepticus
Epileptogenesis was elicited by a single status epilepticus induced by pilocarpine, using a multiple low dose protocol as described previously [19] . Because of the severe peripheral adverse cholinergic associated with pilocarpine, mice received a previous injection of methylscopolamine (1 mg/kg ip; Sigma-Aldrich). After 30 min, pilocarpine hydrochloride (Sigma-Aldrich) (100 mg/kg, ip) was injected every 20 min until the onset of status epilepticus. The maximum number of pilocarpine injections per animal was 6. Status epilepticus was stopped after 60 min with diazepam (10 mg/kg, ip, Santisa). Age-and weightmatched control animals also received methylscopolamine and diazepam, but NaCl 0.9% instead of pilocarpine. During the 3 days after status epilepticus induction, all mice received special attention for welfare purposes. Special care included hand-offering of softened chow, inserting fresh fruits (apples and bananas) into their homecages, and injections of Ringer-lactate solution containing 5% dextrose.
Complete data about animals and status epilepticus are shown in Table 1 .
Treatment with atorvastatin
Treatment with atorvastatin started 3 h after diazepam injection and lasted 14 days. Control and status epilepticus mice received daily doses of vehicle (0.9% NaCl) or atorvastatin (10 or 100 mg/kg) by intragastric gavage. Atorvastatin solution was freshly prepared by dissolving commercial tablets (Lipitor®; Pfizer, SP, Brazil) to 1 or 10 mg/ml [20, 21] in 0.9% NaCl. All solutions were administered at 10 ml/kg. The selection of atorvastatin dosing was based on previous studies [22] and on pilot studies. Data are mean ± SEM. The number of animals in each group is given in Fig. 1 . ⁎ Indicates a significant difference (p b 0.05) versus the respective treated control. 
Behavioral tests
A set of behavioral tests was employed to evaluate the effect of atorvastatin on behavioral comorbidities of epilepsy [23] . Tests were carried out according to previously described protocols in the following sequence: open-field [23] , object recognition [23] , rotarod [23] , sucrose preference [24] , and forced swim [23] . Behavioral testing occurred between days 7 and 13 after status epilepticus ( Fig. 1 shows a timeline depicting the complete experimental design). Daily treatment with atorvastatin was done at the end of each day in order to minimize possible effects of acute statin on behavior. Animals that died before completing all testing trials were excluded from all analyses.
Cytokine analysis
The content of interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), interferon-γ (INF-γ), and interleukin-10 (IL-10) was determined in both hippocampi and cerebral cortex at day 14 poststatus epilepticus. Brain tissue was homogenized in phosphate buffered saline (10 mM PBS, pH 7.4) containing 1 mM EDTA and 0.1 mM PMSF. The homogenates were centrifuged at 10,000 g for 10 min at 4°C. Protein content was measured in supernatant and adjusted for 1 mg/ml, and bovine serum albumin (0.5% BSA) was added to the samples, according to the kit manufacturer instructions. Cytokine levels were measured by enzyme-linked immunosorbent assay (ELISA) kit for rodents, commercially provided by R&D Systems® (Minneapolis, MN, USA), and the results are expressed in pg/mg of protein.
Statistical analyses
Data were analyzed by two-way analysis of variance (ANOVA) followed by Newman-Keuls multiple comparisons test for post hoc analyses. A probability of p b 0.05 was considered significant. For cytokine analyses, the number of samples was 4 per group because we have used the strategy of sequential sampling, in which an experiment may be interrupted if a significant effect is found in a planned statistical analysis of partial data [25] . Since we found statistically significant differences with the first set of samples (4 per group, randomly selected), the experiment was ended.
Results
Mice subjected to status epilepticus, regardless of sex, presented increased latency to explore the open-field arena ( Table 2) . Treatment with atorvastatin attenuated this deficit, being effective at the doses of 10 and 100 mg/kg in females and only at the dose of 100 mg/kg in males ( Table 2 ). Statistical analysis of the number of crossings revealed a significant interaction between status epilepticus condition and pharmacological treatment in males. Post hoc analysis showed that male mice subjected to status epilepticus and treated with 100 mg/kg of atorvastatin presented increased locomotion scores (Table 2) . However, status epilepticus did not alter locomotion scores of male and female mice per se. Mice subjected to status epilepticus spent less time exploring the objects than control animals in the habituation session of the object recognition test (Table 2) . Total exploration time was so critically reduced that the analysis of object recognition index at 4 or 24 h was impracticable (data not shown). Interestingly, the time spent exploring objects during the training session was not reduced in poststatus epilepticus males treated with 100 mg/kg of atorvastatin, indicating a protective effect (Table 2) .
No differences were found between control and poststatus epilepticus mice (of both sexes) in the rotarod and taste preference tests (Table 2) . However, we found that poststatus epilepticus males presented shorter immobility times than their respective controls in the forced swim test (Table 2 ). This effect was blunted by atorvastatin at the dose of 100 mg/kg. Status epilepticus and atorvastatin did not alter the behavior of females in this task ( Table 2 ).
In the current study, we investigated the effect of atorvastatin during the epileptogenic period on the levels of key cytokines in the hippocampi and cerebral cortex and behavior of mice. Statistical analyses revealed an increase in the levels of proinflammatory cytokines IL-1β (Fig. 2 ), IL-6 (Fig. 3) , TNF-α (Fig. 4) , and INF-γ (Fig. 5) in the hippocampi and cerebral cortex of female and male mice subjected to status epilepticus. Conversely, status epilepticus downregulated the levels of the antiinflammatory cytokine IL-10 in the hippocampus and cerebral cortex of male and female mice (Fig. 6 ). The treatment with atorvastatin dose-dependently attenuated the status epilepticus-elicited increase in the levels of IL-1β (Fig. 2), IL-6 (Fig. 3) , TNF-α (Fig. 4) , and INF-γ (Fig. 5) . Status epilepticus-induced decrease of IL-10 levels in the hippocampus and cerebral cortex was recovered by treatment with atorvastatin at the doses of 10 and 100 mg/kg in females and only by the higher dose in males (Fig. 6) . Interestingly, atorvastatin treatment had a pronounced effect on cytokine levels in control animals (mice not subjected to pilocarpine-induced status epilepticus). In fact, atorvastatin per se decreased IL-1β (Fig. 2) , IL-6 (Fig. 3) , TNF-α (Fig. 4) , and INF-γ (Fig. 5) whereas increased IL-10 levels in the hippocampi and cerebral cortex of mice of both sexes. In a separated analysis, the levels of cytokines between females and males were compared. Regarding this point, an interesting finding is that females presented higher levels of proinflammatory cytokines (IL-1β, IL-6, TNF-α, and INF-γ) than males. On the other hand, the levels of IL-10 were lower in females than in males.
Discussion
In the present study, we present evidence that atorvastatin treatment during epileptogenesis attenuates neuroinflammation and decreases behavioral comorbidities in the model of TLE induced by pilocarpine. Atorvastatin decreased basal and status epilepticusinduced increase of IL-1β, IL-6, TNF-α, and INF-γ levels and increased IL-10 levels in the hippocampi and cerebral cortex of mice. Interestingly, the antiinflammatory effect of atorvastatin was qualitatively identical in both sexes. Statins constitute the first-choice prescription drugs for the treatment of many dyslipidemias [26] . By inhibiting 3-hydroxy-3-methylglutaryl-coenzyme A reductase, these drugs block hepatic synthesis of cholesterol and elicit an indirect increase in the expression of lowdensity lipoprotein receptors [27] . It is interesting to note, however, that in addition to their cholesterol-lowering actions, statins exhibit cholesterol-independent effects. These include immunomodulatory, antiinflammatory, and antiexcitotoxic properties [27] [28] [29] [30] . Accordingly, increasing evidence of different nature confirms the protective actions of statins in several neuropathological conditions, including epilepsy [12] [13] [14] .
Here, we tested the effects of atorvastatin, the best studied statin in epilepsy models [13] , on mice behavior and neuroinflammatory status after an epileptogenic insult. Previous studies have shown that atorvastatin presents anticonvulsant effects against kainate- [20] and pentylenetetrazole-induced seizures [22] . Moreover, atorvastatin protects from audiogenic seizures in DBA/2 susceptible mice [31] and decreases spontaneous spike-wave discharge seizures in WAG/Rij rats [15] . Moreover, statins seem to reduce the risk of anxiety, depression, hostility [32] , and dementia [33] . However, no study has investigated whether atorvastatin attenuates the status epilepticus-induced behavioral and inflammatory changes during epileptogenic period of the pilocarpine model of TLE.
The current study showed that vehicle-treated status epilepticus mice of both sexes present higher latency to explore the open-field arena when compared with their respective controls. Given that a lower propensity for exploration correlates with a higher level of anxiety [34] , our results indicate an increased anxiety-like behavior occurring at an early timepoint after status epilepticus. Moreover, atorvastatin treatment brought start latencies of both status epilepticus male (100 mg/kg atorvastatin) and female (10 or 100 mg/kg atorvastatin) mice to the levels of their respective controls, indicating an anxiolytic-like behavior of this statin.
In the present study, we did not detect status epilepticus-induced deficits in spontaneous exploration (number of crossings in the open field) or fine motor coordination (latency to fall from rotarod). These results suggest that motor deficits did not occur at an early stage of the epileptogenic process in the pilocarpine model. In fact, changes in motor performance seem not to occur in this model even at later time points [19, 23] . Interestingly, status epilepticus male mice treated with a high dose of atorvastatin (100 mg/kg) presented an increased locomotor activity when compared with all other groups. At the present, the significance and mechanisms involved in this effect are not understood. However, to some extent, these results are in line with those studies that have shown that atorvastatin improves motor performance in animal models of Huntington's and Parkinson's disease [28, 30, 35] , but does not alter any behavioral parameter in the open-field test per se [36] .
Antidepressant-like effects of atorvastatin have been demonstrated in mice [37, 38] , as well as in WAG/Rij rats with absence epilepsy [15] . In the present study, we investigated whether status epilepticus mice alter sucrose preference (an index of anhedonia) or swimming immobility, and the potential effects of atorvastatin on these parameters. Anhedonic behavior has been reported in the chronic phase of the pilocarpine model [23, 39] . However, we did not detect changes 14 days after status epilepticus, suggesting that anhedonia symptoms may take more time to develop after pilocarpine-induced status epilepticus. On the other hand, we found that status epilepticus decreases the immobility time of male mice in the forced swim test. Similar findings at later time points were described in the pilocarpine model [23, 40] . Such reduced immobility of the epileptic mice is thought to result from a problem in understanding the context (i.e., the inescapable situation) [19] . The high dose of atorvastatin appeared to improve this parameter, since the immobility time of atorvastatin (100 mg/kg)-treated controls and poststatus epilepticus males was similar.
Clinical and experimental evidence suggests that some inflammatory processes within the central nervous system may either contribute to or be a consequence of epileptogenesis [41] . Experimentally-induced status epilepticus triggers an inflammatory response in brain areas recruited in the onset and propagation of epileptic activity in rodents [41, 42] . In this context, the current study presents evidence of an antiinflammatory effect of atorvastatin treatment in mice of both sexes during epileptogenesis triggered by pilocarpine-induced status epilepticus. Accordingly, atorvastatin reduced the levels of proinflammatory cytokines IL-1β, TNF-α, INF-γ, and IL-6 in the hippocampi and cerebral cortex of mice subjected to status epilepticus. Moreover, atorvastatin increased the levels of the antiinflammatory cytokine IL-10 in poststatus epilepticus animals. In this context, the antiinflammatory effects of statins after an epileptogenic insult have been reported elsewhere, and our current data are in agreement with those studies. For instance, atorvastatin decreases ED-1 positive cells (marker of monocytes/macrophages) infiltration and messenger RNA expression of TNF-α, IL-1β, and inducible nitric oxide synthase in the rat hippocampus 3 days after systemic injection of kainic acid [20] . Furthermore, simvastatin decreases the hippocampal levels of IL-1β and TNF-α without altering IL-6 levels in the rat hippocampus 3 days after intracerebroventricular injection of kainic acid [43] . In line with this view, lovastatin blunts the increase in the levels of IL-1β and TNF-α in the hippocampus of rats subjected to pilocarpine-induced status epilepticus [44] . On the other hand, no differences were observed in the number of CD68-positive cells (marker of monocytes/macrophages) or CD11b/c positive cells (marker of activated microglia) between vehicle-and atorvastatin-treated rats 6 weeks after electrically-induced status epilepticus [45] . The current results are particularly interesting considering that proinflammatory cytokines may play a role in epileptogenesis, since hippocampal and cortical levels of inflammatory cytokines (IL-1β, IL-6, IL-10, and TNF-α) are not altered after status epilepticus in the Amazon rodent Proechimys guyannensis, an animal species resistant to epileptogenesis [46] . Moreover, it has been demonstrated that omega-3 fatty acids, which reduce proinflammatory markers during epileptogenesis in rats subjected to the pilocarpine model of epilepsy, are promising disease-modifying agents for epilepsy [47] . In addition, it is remarkable that a statistically significant correlation exists between reduced neuroinflammation and delayed neurocognitive decline in atorvastatin-treated patients with atrial fibrillation [48] , suggesting that the beneficial effects of atorvastatin during epileptogenesis may also apply to improvement of behavioral alterations.
Neuroinflammatory diseases are more prevalent in females than males [49] , and there is evidence that sex also affects the type and severity of a central nervous system inflammatory response after epileptogenic brain insult [49, 50] . Although many studies have tested antiepileptogenic therapies that target the immune/inflammatory response, none of these studies compared the effect of these drugs between males and females [49] . In the present study, we showed that female mice present higher levels of proinflammatory cytokines and lower levels of antiinflammatory IL-10 than males, which agree with the view that neuroinflammation is more pronounced in females than in males [49] . Therefore, sex-related differences in factors that regulate inflammation could likely contribute to sex-biased differences in epilepsy [51] . Regarding this point, it is interesting that the beneficial effect of atorvastatin on object recognition test training after status epilepticus was seen only in males, which had lower basal and status epilepticusstimulated levels of proinflammatory cytokines than their female counterparts. Indeed, present results agree with the current view that preclinical studies of drugs to treat epilepsy should be tested in both sexes [16, 17, 52] .
